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Synopsis

We examined the amount and maturity of collagen as a parameter for bone quality in the graft
material transplanted into a rat skull bone defect model. Male SD rats were used to generate an
experimental animal model of skull defects. The obtained autologous bone granules and B-TCP
granules were mixed at a ratio of 1:1 to prepare a graft material that combines autologous bone
with B-TCP granules. At 8 weeks after transplantation, the B-TCP+ autologous bone and the
autologous bone groups showed BV/TV values, measured based on CT image analysis,
significantly different from those in the B-TCP and control groups. The B-TCP+ autologous bone
group exhibited the ability to form blood vessels into the graft material for a longer period of time
after transplantation compared to that in the autologous bone group, as well as the elevated
production of collagen into B-TCP granules during the bone formation process compared to that in
the B-TCP group.
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Introduction

In recent years, research has focused on intro-
ducing bone regenerative medicine in the field
of dentistry. Currently, autologous bone and tri-
calcium phosphate (TCP) are widely used as
bone regeneration materials in clinical settings
[1, 2]. Autologous bone grafts, in particular,
contain bone-forming cells, such as osteoblasts,
and the deposition of inorganic components in
collagen secreted by osteoblasts is considered to
progress calcification [3, 4]. In addition, with its
vascular induction ability, growth factors such as
BMP, and osteogenic ability, autologous bone
has long been the predominantly used bone re-
generation material because its mechanical
properties are similar to those of the original
bone tissue [1, 5]. However, autologous bone
grafting has some drawbacks, such as invasive-
ness at the time of bone collection and the lim-
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ited availability of collectable bone. Therefore,
the range of its application is limited, and the
research and development of alternative artificial
graft materials are being conducted [3].
Meanwhile, TCP has been used as an artifi-
cial transplant material in clinical settings for
many years and is commercialized under various
trade names [5, 6]. TCP, which has the chemical
formula Caz(PO,),, has different crystal poly-
gons with a unique firing temperature, specifi-
cally a-TCP in the high-temperature stable phase
and B-TCP in the low-temperature stable phase.
Moreover, these TCP crystal polygons show
different properties. Compared with B-TCP,
a-TCP is more water-soluble and is replaced by
new bone more quickly. However, it becomes
susceptible to erosion with tissue fluid and easily
disintegrates over time after transplantation [7].
In contrast, although the replacement of B-TCP
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with new bone is slow due to its lower water
solubility than a-TCP, B-TCP tends to remain in
the living body as a scaffolding material even
after transplantation. In addition, since both
a-TCP and B-TCP can be artificially synthesized,
they possess a porous structure that is not found
in autologous bone [8]. However, TCP has a
lower regenerative bone mass than autologous
bone grafts due to its lack of growth factors.
Thus, unfortunately, no artificial bone made of a
single artificial material with the same or better
capacity than autologous bone has been devel-
oped.

Bone strength, as well as regenerative bone
mass, is considered crucial for the introduction
of bone regenerative medicine to the field of
dentistry, in which load, such as occlusal force,
is applied. Bone strength is composed of two
parameters, bone density and bone quality [9].
Whereas bone density indicates the amount of
minerals per unit area and volume of bone, bone
quality is defined as “the overall characteristics
of bone that affect resistance to bone fractures.”
Thus, an evaluation of bone quality, in addition
to bone density, is important in determining
bone strength [10]. However, although there
have been many reports on bone density, few
have studied bone quality. According to the
National Institutes of Health, the components of
bone quality are subdivided into “bone struc-
ture,” “bone turnover,” “calcification,” and
“damage accumulation.” In recent years, re-
search has focused on bone cells, the orientation
of biological apatite crystals, and the bone
structure composed of collagen, and it was
reported that the properties of collagen can be
used as a clinical parameter to evaluate bone
quality [11, 12]. In addition to glycoproteins,
such as sialoprotein and osteonectin, bone
mainly contains type | collagen. Moreover, it has
been reported that collagen is closely related to
bone remodeling [4, 13, 14].

Focusing on collagen as a parameter to
evaluate bone quality, we examined the maturity
of collagen in the graft material. Further, bone
regeneration is known to require blood supply
and circulation through newly formed blood
vessels. Based on these points, we aimed to elu-
cidate the mechanism underlying the bone
regeneration process by evaluating collagen and
angiogenesis in new bone using a regeneration
material that combines autologous bone and
B-TCP granules.

90

Material and Methods

Preparation of graft material

The cortical bone, obtained upon creating a de-
fect 9 mm in diameter in the rat calvaria using a
trephine bur, was used as autologous bone gran-
ules and crushed into particles with a bone mill.
The initial particle size of B-TCP granules (Tai-
hei Chemical Industrial Co. Ltd., Osaka, Japan)
was 1700 um at the maximum. Past studies have
shown that angiogenesis and bone formation
occur in the space between 3-TCP granules upon
the implantation of B-TCP granules at the bone
defect, and granule sizes suitable for maintaining
such intergranular spaces have been reported
[15]. In this study, the granule size of B-TCP was
set to 100-500 pum, which is suitable for main-
taining the granular space according to the study
[15]. Thus, using sieves with a diameter of 500
um and 100 um, the granule size was adjusted to
a uniform size of 100-500 um, which is thought
to be the optimal range of granule sizes for graft
material. The obtained autologous bone granules
and B-TCP granules were mixed at a ratio of 1:1
to prepare a graft material (0.5 g) that combines
autologous bone with 3-TCP granules.

SEM (field-emission scanning electron micro-
scopy)

The outer surface conditions of the graft material
were analyzed using a field emission-scanning
electron microscope (FE-SEM; S-4800, Hitachi
High-Technologies Corporation, Tokyo, Japan).
Prior to observation, the samples were coated
with osmium with an HPC-20 osmium coater
(Vacuum Device Ltd., Ibaraki, Japan).

Surgical procedure

Forty-eight male Sprague-Dawley rats (age, 8
weeks; body weight, 300-350 g; Shimizu Labo-
ratory Supplies Co., Ltd., Kyoto, Japan) were
used in the experiment. A rat anesthetic (10 mL)
was prepared by mixing Domitor (0.75 mL),
midazolam (2.0 mL), butorphanol (2.50 mL),
and distilled water for injection (4.75 mL), and
general anesthesia was performed by intraperi-
toneally administering 0.2 mL of the anesthetic
per 100 g of rat body weight. Subsequently, the
surgical areas were shaved and the scalp was
incised. After the periosteum of the skull was
removed to form a flap, the surgical wound was
widened to secure the surgical field. A criti-
cal-sized bone defect (diameter, 9.0 mm; depth,
1.0 mm) was created at the center of the calvaria
using a trephine bur under running water.
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Experimental materials were transplanted
into the skull defect to prepare three experimen-
tal groups as follows: the autologous bone group,
the B-TCP + autologous bone group, and the
B-TCP group. In addition, animals with the skull
defect without any transplantation were used as
the control group. Following transplantation,
suturing was performed with 2-0 absorbent
sutures. At the end of the observation period (4,
6, and 8 weeks after implantation), animals were
euthanized via inhalation of an overdose of
isoflurane. Animal experiments were approved
by the Animal Research Committee of Osaka
Dental University (approval number: 19-02006).

CT image analysis

Observations of bone regeneration in the skull
defect were performed with the microfocus
X-ray CT system (inspeXio, SMX-225CT,
SHIMADZU, Kyoto, Japan). After microfocus
X-ray CT imaging, a 3D image was created
using Ratoc System Engineering.

Analysis of bone volume ratio

After imaging with micro-CT, structural analysis
was performed, and the volumes of the bone
defect region and the new bone region were
measured using the bone morphological meas-
urement program. Moreover, in the bone density
measurement using the TRI/3D-BON 3D analy-
sis routine, the bone mineral content of the graft
material was measured based on the pre-adjusted
HA phantom image. Bone mineral content,
expressed as bone mineral density (BMD), is a
widely used measure to assess bone health. Use
the X ray CT image to determine the BMD value
of the new bone. The Ratoc system displays the
BMD value in a pseudo-color 3D image and
observes the distribution of bone density in each
part. Bone defect volume (TV, cm®) and new
bone volume (BV, cm®) were measured directly,
and the bone volume ratio was calculated as
BV/TV (%). Based on these values, the mass of
hard tissue formed in the defect was evaluated.

Histological evaluation

After observing the presence or absence of gross
abnormalities in each organ and tissue in all
cases, the organs and tissues surrounding the
graft material (including the skull) were ex-
tracted and stored in 10% neutral buffered for-
malin fixative solution. After fixation, the organs
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and tissues (including the skull) surrounding the
graft material were acid-decalcified with EDTA
solution. After preparing a paraffin block, the
skull grafted area was cut based on the sagittal
plane. After confirming the section with the ex-
posed edge of the graft material, microscopic
examinations of hematoxylin and eosin (HE)
staining and von Willebrand factor (VWF, factor
VIll-related antigen) immunostaining, as well as
observation of the color of picrosirius-stained
specimens under a polarizing microscope, were
performed. VWEF-positive vascular endothelial
cells were stained brown with VWF immu-
nostaining, which was detected to determine
whether angiogenesis had occurred [16]. In ad-
dition, picrosirius red staining consists of yellow
picric acid dye, which is a small molecule, and
Sirius Red, which is a polymer. As it binds to a
metal complex salt dye, picrosirius red staining
has become the basis of the protocol used to
stain collagen fibers and related tissues and is
also often used to evaluate new bone [17, 18].
In this study, the maturity of collagen fibers was
evaluated by considering yellow, orange, and red
collagen fibers to be mature collagen and
green-like collagen fibers as immature collagen.

Statistical processing

Statistical processing of the obtained BV/TV
values (%) was performed. Statistical analysis
was performed based on an analysis of variance
using the Tukey—Kramer test. Differences with a
p-value less than 0.05 were considered signifi-
cant.

Results

SEM

We examined B-TCP + autologous bone granules
(Fig. 1a, b, c¢), autologous bone granules (Fig. 1d,
e), and B-TCP granules before and after granula-
tion (Fig. 1f, g and 1h, i, respectively) under an
electron microscope. After granulation, while the
space between B-TCP granules became smaller,
there was no change in the porosity of the B-TCP
granules. The particles of autologous bone were
larger than B-TCP granules, and the fibrous
structure was found on the surface of autologous
bone granules. Porous B-TCP granules, as well
as autologous bone particles with a fibrous sur-
face, were observed in B-TCP + autologous bone
granules, confirming that granulation does not
affect the porosity of 3-TCP granules.
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Fig. 1 Scanning electron microscopy (SEM) image (left: low magnification, right: high magnification). (a) Low magni-
fication image of B-TCP + autologous bone granules. (b) Strongly magnified image of autologous bone granules in -TCP
+ autologous bone granules; (c) strongly magnified image of B-TCP granules in -TCP + autologous bone granules. (d,e)
Autologous bone granules. (f,g) B-TCP granules before granulation. (h,i) B-TCP granules after granulation. The bars are as

follows: a, ¢, e, g, 1 mm; f, h, 100 um; b, d, i, 30 um.

3D color-mapping (3D map) and micro-CT
examination

Fig. 2 shows the 3D-reconstructed micro-CT
images and bone mineral density (BMD) distri-
bution maps. Each experimental group was ana-
lyzed at three time-points of 4, 6, and 8 weeks
after transplantation, and the BMD at each
time-point is shown in the 3D map. The color
scale of BMD is expressed as red and orange for
high BMD values, yellow and green for medium
BMD values, and light blue and purple for low
BMD values.

At 4 weeks after transplantation, medium
BMD values (yellow and green) were observed
in the autologous bone group. Medium-to-high
BMD values (red, yellow, and green) were ob-
served in the B-TCP + autologous bone and
B-TCP groups. In the defect group (control
group), medium BMD values (yellow and green)
were partially observed around the host bone.

92

The micro-CT images showed that the bone
defects of the autologous bone, B-TCP + autolo-
gous bone, and B-TCP groups were all filled
with hard tissue. In contrast, the micro-CT
images of the defect group showed that although
hard tissue partially formed around the existing
bone, it did not completely fill the center of the
defect.

At 6 weeks after transplantation, me-
dium-to-high BMD values (red, yellow, and
green) were observed in the B-TCP group, and
medium BMD values (yellow and green) were
observed in the autologous bone, B-TCP +
autologous bone, and defect groups. The micro-
CT images showed that the bone defects were
filled with a small amount of hard tissue.
Although hard tissue in the bone defect was seen
in all groups, an evident increase in hard tissue
from 4 weeks was observed only in the defect
group. The micro-CT images showed that the
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Fig. 2 Micro-computed tomography images and the three-dimensional bone mineral density distribution map at 4, 6, and 8
weeks after transplantation. Blue indicates low bone density, and red indicates high bone density.
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Fig. 3 Analysis of bone volume to total volume ratio (BV/TV; %) in each group to evaluate the
quantity of the new bone at 4, 6, and 8 weeks after transplantation (p<0.05).

defect was filled with hard tissue, and the
amount of hard tissue in this group increased
over time. At 8 weeks after transplantation, the
micro-CT images of the defect group showed
little changes in the BMD values from 6 weeks.
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High BMD values were essentially observed in
the autologous bone and B-TCP + autologous
bone groups, but the B-TCP alone transplanted
group showed a slight decrease in the BMD
values from 6 weeks.
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BV/TV analysis

For the determination of new bone tissue using
image analysis software (Ratoc system), the
average volume ratio of new bone was calcu-
lated by dividing the bone volume (BV) by the
total volume (TV). The BV/TV values of new
bone relative to the total amount of bone loss at
4 weeks were 50.6% in B-TCP + autologous
bone group, 50.4% in autologous bone group,
45.7% in B-TCP group, and 9.3% in control
group. The BV/TV values at 6 weeks were
51.2% in B-TCP + autologous bone group,
48.5% in autologous bone group, 52.1% in in
B-TCP group, and 14.5% in control group. The
BV/TV values at 8 weeks were 65.1% in B-TCP
+ autologous bone group, 66.1% in autologous
bone group, 54.8% in B-TCP group, and 25.7%
in control group (Fig. 3).

Fig. 3 shows the BV/TV values of all
groups at each time-point. At 4 weeks after
transplantation, all transplanted groups had
BV/TV values significantly different from those
of the control group, but no significant differ-
ence in BV/TV values was observed between the
transplanted groups. The same trend in results as
that at 4 weeks was observed at 6 weeks. At 8
weeks, the BV/TV values of the B-TCP +
autologous bone and the autologous bone groups
were significantly different from those of the
B-TCP and the control groups. However, there
was no significant difference in the BV/TV val-
ues between the B-TCP + autologous bone and
the autologous bone groups.

Histological evaluation

Four-week postoperative groups

HE staining did not reveal any inflammatory
cells in the B-TCP + autologous bone, autolo-
gous bone, B-TCP, and control groups (Fig. 4).
Some autologous bone granules remained in the
B-TCP + autologous bone and autologous bone
groups, although their replacement with new
bone was observed (Fig. 4d-1,2). In the B-TCP +
autologous bone group, partial replacement with
new bone was observed between the trans-
planted B-TCP granules, but more than half of
the B-TCP granules remained (Fig. 4a-1,2). In
addition, the B-TCP group exhibited connective
tissue around the B-TCP granules as a whole,
and the slight formation of new bone from the
direction of the side of the skull (sutured side)
was observed. However, replacement with new
bone in the B-TCP group was not as advanced as
that in the B-TCP + autologous bone group, and
most of the transplanted B-TCP granules
remained (Fig. 4g-1,2). In the control group, thin
new bone was partially observed in the defect.
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However, it did not form a continuous structure
as it was formed by fibrous connective tissue
with the host bone, and the replacement with
new bone was scant (Fig. 4j-1,2).

In VWF immunostaining, B-TCP + autolo-
gous bone group contained a small number of
vascular endothelial cells between autologous
bone granules, but many vascular endothelial
cells were not between autologous bone granules,
but of B-TCP granules. It was located in between
(Fig. 4a-3). A small number of vascular endothe-
lial cells were found in the autologous bone
group (Fig. 4d-3). The B-TCP group clearly
showed a more positive response showing vas-
cular endothelial cells identified within the same
region compared to autologous bone and B-TCP
+ autologous bone group (Fig. 4g-3). In the
control group, a small number of vascular endo-
thelial cells were observed in the fibrous con-
nective tissue (Fig. 4j-3).

Under a polarizing microscope, picrosirius
staining revealed immature collagen around the
transplanted autologous bone granules in the
B-TCP + autologous bone group, and mature
collagen in the B-TCP granules (Fig. 5a). Imma-
ture collagen was shown in the new bone matrix
coloring of the autologous bone group, and
mature collagen such as red was partially
observed. Regarding the proportion of collagen
types, immature collagen was predominant, but
mature collagen was partially present (Fig. 5e).
In the B-TCP group, mature collagen was found
in the connective tissue between B-TCP granules,
but almost no collagen was found in B-TCP
granules (Fig. 5g). In the control group, imma-
ture collagen was found in host bone and new
bone, and mature collagen was found in fibrous
connective tissue (Fig. 5j).

Six-week postoperative groups

HE staining of B-TCP + autologous bone group
replaced the transplanted autologous bone gran-
ules with almost completely new bone. However,
about half of the transplanted B-TCP granules
remained and were not completely replaced with
new bone (Fig. 4b-1,2). In the autologous bone
group, a large number of bone cells were
observed, indicating that most of the trans-
planted autologous bone was absorbed and
replaced with new bone (Fig. 4e-1,2). In the
B-TCP group, replacement with new bone did
not progress significantly compared to after 4
weeks, and more than half of the B-TCP granules
remained (Fig. 4h-1,2). In the control group,
there was a slight increase in new bone com-
pared to 4 weeks, but the defect was dominated
by fibrous connective tissue (Fig. 4k-1,2).
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Fig. 4 Histological images of hematoxylin and eosin-stained and von Willebrand factor
(VWF)-immunostained sections from each group at 4, 6, and 8 weeks after transplantation.
Between ¥ : the defect; *: B-TCP granules. (a—c) B-TCP + autologous bone group; (d-f) Autolo-
gous bone group; (g-i) B-TCP groups; (j—I) control groups (1,2: hematoxylin and eosin-stain,
3: VWF immunostain). 1: original magnification, x4; 2,3: original magnification, x20.

95



Tatsumura et al., Elucidation of the Mechanism of Bone Regeneration, Nano Biomed 12(2), 89-100, 2020

B -TCP + Autologous bone group Autologous bone group

Fig. 5 Histological images observed with a polarizing microscope of picrosirius red staining in each
experimental group 4, 6, and 8 weeks after transplantation. (a—c) B-TCP + autologous bones group;
(d-f) Autologous bone group; (g—i) B-TCP group; (j—I) control group (red and yellow indicate mature
collagen; green indicates immature collagen). Left, original magnification: x4; Right, original magnifi-
cation: x10 (*: residual autologous bone granules). The bars are as follows: left, 500pm;right, 200um.
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In VWF immunostaining, almost no angio-
genesis was observed in the autologous bone
granules in the B-TCP + autologous bone group,
but the B-TCP granules showed newly formed
blood vessels, which was significantly different
from the case of 4 weeks. There was no (Fig.
4b-3). A small number of vascular endothelial
cells were found in the autologous bone group,
but there was no significant change from 4
weeks (Fig. 4e-3). In the B-TCP group, there was
no significant change from 4 weeks (Fig. 4h-3).
In the control group, a small number of vascular
endothelial cells were observed in the fibrous
connective tissue at 4 weeks (Fig. 4k-3).

Under a polarizing microscope, picrosirius
staining showed an increase in immature colla-
gen between transplanted autologous bone gran-
ules and between B-TCP granules in the B-TCP +
autologous bone group compared to 4 weeks,
with an increase in mature collagen. It was
observed in B-TCP granules (Fig. 5b). The
autologous bone group showed an increase in
immature collagen in new bone matrix coloring
compared to that at 4 weeks, despite a decrease
in mature collagen (Fig. 5¢). In the B-TCP group,
mature collagen derived from connective tissue
was observed between B-TCP granules at 4
weeks, and a slight increase in immature colla-
gen was observed in B-TCP granules (Fig. 5h).
In the control group, immature collagen was ob-
served in host bone and new bone, and mature
collagen was found in fibrous connective tissue
at 4 weeks (Fig. 5k).

Eight-week postoperative groups

HE staining and vVWF immunostaining replaced
autologous bone granules with new bone in the
B-TCP + autologous bone group. In addition,
although the transplanted pB-TCP granules
remained, they were slightly absorbed compared
to 6 weeks, and a mixture of autologous
bone-derived new bone and p-TCP gran-
ule-derived new bone was confirmed (Fig.
4c¢-1,2). Furthermore, it was shown that most of
the transplanted autologous bones of the autolo-
gous bone group were replaced with new bones.
However, the new bone became denser than the
6-week bone (Fig. 4f-1,2). In the B-TCP group,
replacement with new bone was progressing
compared with 6 weeks later. New bone was
found more frequently laterally to the skull, and
the remaining B-TCP granules were observed
medially from the center of the defect (Fig.
4i-1,2). In the control group, the defect showed a
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slight increase in new bone compared to 6 weeks,
but the new bone was thin and the defect was
dominated by connective tissue (Fig. 41-1,2).

vWF immunostaining showed a small
number of vascular endothelial cells between
autologous bone granules in the B-TCP +
autologous bone group, but a large number of
vascular endothelial cells were observed be-
tween B-TCP granules rather than between
autologous bone granules. (Fig. 4c-3). A small
number of vascular endothelial cells were found
in the autologous bone group (Fig. 4f-3). In the
B-TCP group, vascular endothelial cells were
observed between the B-TCP granules, but few
vascular endothelial cells were present in the
new bone (Fig. 4i-3). In the control group, a
small number of vascular endothelial cells were
observed in the fibrous connective tissue (Fig.
41-3).

Under a polarizing microscope, picrosirius
staining showed an increase in mature and
immature collagen in new bone and a decrease
in immature collagen in the B-TCP + autologous
bone group compared to 6 weeks. A mixture of
immature collagen and mature collagen was
found between the B-TCP granules, and an
increase in mature collagen was also observed in
the B-TCP granules (Fig. 5c). The autologous
bone group showed an increase in mature colla-
gen such as yellow and a decrease in immature
collagen in the new bone matrix coloring (Fig.
5f). In the B-TCP group, an increase in immature
collagen was observed in new bone. However,
mature collagen was observed between the
remaining B-TCP granules, and an increase in
mature collagen was observed in the B-TCP
granules compared to 6 weeks (Fig. 5i). In the
control group, there was a slight increase in
mature collagen in fibrous connective tissue
compared to 6 weeks (Fig. 5I).

Discussion

Autologous bone is widely used in bone regen-
erative medicine as it contains growth factors
[19]. However, autologous bone grafting has
some drawbacks, such as invasiveness at the
time of bone collection and the limited availabil-
ity of collectable bone. However, due to the
absence of growth factors, TCP has only osteo-
conduction ability and lacks osteoinduction abil-
ity. Currently, graft materials, such as autologous
bone and TCP, are widely used as bone regen-
eration materials in clinical practice, but few
studies have focused on bone quality to investi-
gate the detailed mechanism of bone regenera-
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tion.

We generated a skull defect model of male
SD rats and transplanted B-TCP + autologous
bone, autologous bone granules alone, or B-TCP
granules alone at the bone defect. HE staining
showed the fastest replacement with new bone in
the autologous bone group among all transplant
groups (Figure 4). In addition, picrosirius stain-
ing under a polarizing microscope showed that
the proportion of immature collagen was ini-
tially high in the collagen in the new bone of the
autologous bone group. However, the proportion
of mature collagen increased over time, resulting
in a mixture of immature and mature collagen at
8 weeks after transplantation (Figure 5d—f). In
this study, the maturity of collagen fibers was
evaluated by using yellow, orange, and red col-
lagen fibers as mature collagen and green-like
collagen fibers as immature collagen. Our find-
ing was consistent with the report by Junqueira
et al. [17] that type | collagen, which is a thick
fiber, results in yellow, orange, and red polarized
light, whereas type Il collagen, which is a thin
fiber, results in green-like polarized light in the
picrosirius-polarization-method using a polariz-
ing microscope [18]. Moreover, our finding was
also consistent with the report by Glimcher et al.
[20] showing that collagen matures as the matur-
ity of regenerated bone increases. However, our
micro-CT examination showed no increase in
the BV/TV values from 4 to 6 weeks (Figure 3).
This appears to contradict the proportional rela-
tionship between the amount of collagen and the
BV/TV, in which the BV/TV value increases due
to the addition of bone minerals (Ca?*, HPO,*)
as collagen increases and matures. The lack of
an increase in the BV/TV at 6 weeks in our
study is likely because autologous bone granules
remained at 4 weeks but not at 6 weeks, as
shown through histological findings (Figure
5d,e). Since the bone mineral content of re-
maining autologous bone granules is considered
to be higher than that of immature new bone, the
lack of an increase in the BV/TV is likely the
result of the decrease in remaining autologous
bone granules due to resorption from 4 to 6
weeks. Importantly, this autologous bone gran-
ule transplantation procedure showed that the
amount of remaining autologous bone granules
affects the relationship between the BV/TV and
the amount of collagen. In this study, the BV/TV

increased from 6 to 8 weeks after transplantation.

In contrast, Yasui et al. [21] demonstrated that
the BV/TV decreased in the autologous bone
group from 6 to 8 weeks after transplantation.
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Based on these results, because the replacement
of transplanted autologous bone granules with
new bone is delayed when the particle size of the
transplanted autologous bone granules is larger
than that used in our study, the BV/TV might
decrease 8 weeks after transplantation due to the
effect of remaining autologous bone granules
from 6 to 8 weeks. Thus, the particle size of
B-TCP in our study was set to 100-500 um to
promote bone formation and angiogenesis.
However, an increase in the proportion of large
particles of autologous bone granules also re-
sults in a greater effect on remaining autologous
bone granules. Therefore, the particle size of the
autologous bone granules to be transplanted
should also be taken into consideration in
BV/TV measurements.

Focusing on the state of the granules in the
B-TCP group, B-TCP granules remained even 8
weeks after transplantation, and their replace-
ment with new bone was minimal compared to
that in the autologous bone and B-TCP +
autologous bone groups (Fig. 5h—j). This was
consistent with the slow replacement of B-TCP
granules observed in a previous studyv [22]. In
addition, HE staining, picrosirius red staining,
and VWF immunostaining showed mature col-
lagen derived from connective tissue and thick
blood vessels in the space between granules at 4
weeks. However, little collagen was formed in-
side the granules, and only a small amount of
immature collagen was observed. An increase in
immature collagen derived from blood vessels
and new bone was observed inside the granules
over time, but mature collagen derived from new
bone was barely seen. Morikawa demonstrated
[23] that even small pores of B-TCP granules
could be invaded by blood vessels and connec-
tive tissue, which was consistent with the result
of our study. It is important to note that at each
time-point, the formation and maturation of col-
lagen inside the granules were shown to be
faster in the B-TCP granules in contact with the
periosteum on the parietal region than in those in
contact with the dura mater (Figure 5g—i). This
suggests that replacement with new bone is
promoted by adjoining growth factors and cells
even in materials with a porous structure that do
not have growth factors like B-TCP.

Furthermore, we focused on the experi-
mental results of the B-TCP + autologous bone
group. It is widely known that autologous bone
granules contain growth factors and cells. In the
B-TCP + autologous bone group, invasion of
collagen into B-TCP granules was evidently
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faster compared to that in the B-TCP group at 4
weeks after transplantation (Fig. 5a). Further-
more, mature collagen derived from new bone in
B-TCP granules and the replacement of B-TCP
granules with new bone were observed 6 weeks
after transplantation (Fig. 5b). At 8 weeks after
transplantation, almost all B-TCP granules adja-
cent to the periosteum and autologous bone
granules were replaced with new bone, and a
large amount of mature collagen derived from
new bone was found even inside B-TCP granules
distant from the periosteum and autologous bone
granules (Fig. 5c). This result indicates that ad-
joining autologous bone granules (growth fac-
tors) adjacent to B-TCP granules increased the
rate and amount of collagen formation in B-TCP
granules and promoted their replacement with
regenerated bone.

It is highly important to note that our re-
sults revealed the mechanism underlying the
collagen formation sequence during the forma-
tion of new bone. Following transplantation,
immature collagen first emerges for the forma-
tion of new bone. As seen in the B-TCP group, a
network of immature collagen was faintly ob-
served in the B-TCP granules at 4 weeks (Fig.
5g). Then, after the increase in immature colla-
gen in the B-TCP granules at 6 weeks, some
immature collagen becomes mature collagen.
Then, a mixture of mature and immature colla-
gen is found in the newly formed bone at 8
weeks. A similar collagen status was observed
not only in the B-TCP group but also in the host
bone and the new bone of the B-TCP + autolo-
gous bone and the autologous bone groups at 8
weeks. Moreover, a study of rat marginal perio-
dontitis reported that although most alveolar
bone is composed of type | collagen (mature
collagen), type Il collagen (immature collagen)
is present around the Havers canal and perio-
steum [24]. In addition, type 1l collagen is gen-
erally considered an immature form of type |
collagen. Gay et al. [25] reported that in the
wound healing process of connective tissue, type
I11 collagen appears first, followed by the emer-
gence of type | collagen, which is consistent
with the findings of our study.

These results indicate that the B-TCP +
autologous bone group exhibited the ability to
form blood vessels into the graft material for a
long period after transplantation compared to
that in the autologous bone group, as well as the
elevated production of collagen into B-TCP
granules during the bone formation process
compared to that in the B-TCP group. The bone

99

regeneration material used in this study, which
was a mixture of B-TCP granules and autologous
bone granules, was shown to be highly superior
because of not only its effect on space-making
but also on the mature bone quality it acquires,
which is comparable to that of existing bone and
the autologous bone graft. Similar evaluations
using a pre-clinical bone defect model with large
animals are expected in the future.
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